[1] Tropical glaciology includes investigation of climate variability in poorly documented regions of large surface-atmosphere energy exchanges. This study examines the surface energy fluxes of the Bolivian Zongo Glacier (16°S, 68°W, 6000-4900 m asl) in order to identify the atmospheric variables that control melting. Measurements from 1998 to 2000 taken from two meteorological stations in the ablation area are analyzed. During the progressive development of the wet season from September to January, melting energy was high: Solar irradiance was close to its summer solstice peak, clouds were sporadic, and albedo was low. During the core of the wet season from January to April the magnitudes of the net short-wave (+) and net long-wave (À) radiation fluxes were reduced by frequent clouds and snowfalls so that melting energy was moderate. In the dry season from May to August, melting energy was small because of the energy losses essentially in long-wave radiation but also in sublimation. The turbulent sensible heat flux to the ice (+) generally offsets the energy loss in latent heat (À), except in the dry season, when sublimation prevailed because of strong wind and dry air. Solar radiation was the main source of energy, but the seasonal changes of the melting energy were driven by long-wave radiation. In particular, clouds sharply increased the emittance of the thin high-altitude atmosphere. Closely linked to clouds and humidity, the main seasonal variables of low-latitude climates, long-wave radiation is a key variable in the energy balance of tropical glaciers.
Introduction
[2] Recent studies have emphasized the role of lowlatitude regions in global climate changes [e.g., Seltzer, 2001; Visser et al., 2003] . Monitoring tropical glaciers makes it possible to investigate climatic variability on annual to centennial timescales in poorly documented remote regions. Observations have demonstrated a general glacial recession throughout the 20th century in the Andes [e.g., Hastenrath and Ames, 1995; Kaser, 1999; Francou et al., 2000; Ramirez et al., 2001] , Africa [e.g., Kaser and Noggler, 1991; Mölg et al., 2003] and Irian Jaya [Peterson and Peterson, 1994] . Thompson [2000] attributed the tropical glacial recession to a warming of the troposphere. However, Gaffen et al. [2000] reported a cooling of the tropical low troposphere after 1979, which contrasts with an acceleration of the recession of the Central Andean glaciers [Ramirez et al., 2001] . Vuille et al. [2003] reported a humidity increase over the last three decades in the atmosphere south of 11°S. A humidity increase can enhance glacier ablation through condensation heat release, an increase in sky long-wave radiation, or a reduction in ice sublimation. Satellites revealed a strengthening of the tropical general circulation in the 1990s, leading to an increase (decrease) of cloud cover at the equator (in the subtropical latitudes) [Chen et al., 2002; Wielicki et al., 2002] . However, glaciers have been observed to shrink in all tropical regions, from the inner to the outer tropics [Kaser, 2001; Francou et al., 2003 Francou et al., , 2004 .
[3] The climate controls the mass balance of glaciers through the energy and mass fluxes at the ice or snow interface. Energy measurements are scarce on tropical glaciers, and they are generally short term [e.g., Platt, 1966; Hastenrath, 1978; Hardy et al., 1998; Mölg et al., 2003] . The French institute IRD has been conducting an extensive meteoglaciological program on the Zongo Glacier, Cordillera Real, Bolivia (16°S, 68°W) since 1991 . The Zongo Glacier is situated in the outer tropics, characterized by humid tropical conditions during the wet season (austral summer) and by subtropical conditions during the dry season (austral winter). In the outer tropics, the Peruvian and the Bolivian glaciers compose 71 and 20% of the total surface area of the tropical glaciers, respectively [Kaser et al., 1996] .
[4] This study analyzed the energy fluxes at the surface of the Zongo Glacier. The objective was to improve the understanding of the climate forcing on tropical glaciers. Measurements taken from two meteorological stations between 1998 and 2000 close to the equilibrium line and in the ablation area were analyzed. Wagnon et al. [1999] discussed the turbulent fluxes of the dry season, and Wagnon et al. [2001] and Sicart et al. [2003] analyzed the annual cycle of the surface albedo. Here all the energy fluxes were analyzed and we focus on the radiation fluxes in the wet season, when the intensity and the interannual variability of the energy fluxes are maximal. New equipment for separate measurements of the short-and long-wave radiation fluxes improved the accuracy of these measurements compared to previous studies on the Zongo Glacier, and provided a proper analysis of the long-wave radiation fluxes.
Location and Measurement Program
[5] The Zongo Glacier is situated in the Huayna Potosi Massif (16°15 0 S, 68°10 0 W, Cordillera Real, Bolivia) on the western margin of the Amazon basin and on the eastern margin of the Altiplano catchment. This valley-type glacier is 3 km long and has a surface area of 2.4 km 2 ( Figure 1 ). The glacier flows out from 6000 to 4900 m above sea level (asl). The equilibrium line altitude, estimated from stake measurements and snow pits, is roughly 5200 m asl for an equilibrated mass balance [Sicart et al., 2005] . The Zongo Glacier is part of a 3.7-km 2 basin above the hydrometric station located at 4830 m asl. The site characteristics are presented in detail by Francou et al. [1995] .
[6] Two Campbell Automatic Weather Stations (AWS), AWS1 at 5150 m asl and AWS2 at 5060 m asl, have been functioning on the glacier since March 1996 and July 1999, respectively ( Figure 1 and Table 1 ). The weather stations are located close to the axis of the glacier, on flat areas: The mean slopes at AWS1 and at AWS2 are 7°and 3°, respectively . The stations are checked every 15-20 days all year round. Qualitative observations of the glacier surface and the meteorological conditions were conducted during the field visits and during extensive field trips lasting a few days. Direct daily sublimation measurements were taken during the field trips using ''poor man's lysimeters:'' translucent round plastic pails (165 -395 cm 2 ), filled with snow/ice in order to reconstruct the natural surfaces, buried into the snow and regularly weighed, with an accuracy of ±1 g [Wagnon et al., 1999] .
[7] Vertical profiles of air temperature (Cu-Cst thermocouples, accuracy approximately ±0.3°C) were occasionally conducted at 5150 m asl (mean data every 5 min over 5-s time steps, continuous aspiration of 5 m s
À1
). Seven sensors, shielded from radiation, were located at 2, 10, 20, 30, 40, 50, and 100 cm above the glacier surface. A liquid water -ice bath at 0°C was used as the temperature reference.
[8] Temperature and humidity measurements outside the thermal influence of the glacier were recorded by a weather station located 150 m below and 1 km from the glacier front.
Climatic Conditions
[9] The Huayna Potosi is in the outer tropics, characterized by a marked seasonality of precipitation and cloud cover with a single wet season in austral summer and a pronounced dry season in winter. The dry season (May to August) is produced by the northward displacement of the midtropospheric and upper-tropospheric westerlies, which prevent moisture influx from the east. Summer precipitation (September to April) is associated with intense solar heating of the Altiplano surface, leading to a destabilization of the boundary layer, inducing deep convection and moist air advection from the eastern interior of the continent [Vuille et al., 2000] . The moist air is typically released in afternoon showers over the Altiplano [Garreaud and Wallace, 1997] , but heavy nighttime snowfalls are also frequent on the glacier [Sicart et al., 2002] .
[10] The hydrological year is counted from the end of the dry season, 1 September. The annual precipitation is roughly 1 m w.e. The ultrasonic depth gauge measurements illustrate the accumulation and the ablation close to the equilibrium line (Figure 2) . From September to December, periods of heavy melting (several centimeters of ice/snow per day) alternate with snowfalls that become increasingly frequent. Since melting and precipitation generally alternate on the same day, the daily height changes represent a net accumulation or a net ablation. The gradual buildup to the full wet season is observed in the Andes from Bolivia to Peru [Schwerdtfeger, 1976] and can be considered as a transition period. The wet season lasts roughly from January to April. On average, it snows 2 days out of 3, and the net daily accumulation is steady: around 20 mm of snow per day. In April, the change to the dry season is rather sudden. A few snowfall events may occur but the dry season is generally a period of moderate ablation until the end of August (Figure 2) .
[11] The annual cycle of air humidity reflects the alternation of the wet and dry seasons (Figure 2 ). In contrast, the thermal seasonality is low; less than 10°C (Figure 2 ). On the glacier, the mean annual temperature is about À1°C at the equilibrium line. The limit elevation between snow and rain changes little throughout the year; it remains lower than 5050 m asl and only affects a small area of the glacier. In the wet season, the valley wind from the east or southeast prevails during the daytime (1000-1800 LT), whereas the downslope glacier wind, from the northwest, is observed at night (Figure 3) . The glacier wind prevails most of the day in the dry season, except a few hours around 1400 LT (Figure 3) . Height changes are derived from the ultrasonic depth gauge measurements and the field visits every 15 days. c AWS1 is described in its recent configuration (after March 2000), which slightly differs from the configuration by Wagnon et al. [1999 Wagnon et al. [ , 2001 . At AWS2 the Vaisala hygrothermometers are shielded from solar radiation and artificially ventilated. Artificial aspiration could not be maintained at AWS1 because of power supply requirements.
[12] The potential solar irradiance is maximal from November to February, but its variations are small (Figure 4 ): The amplitude range of the daily values is 40% of the annual average, whereas at 45°latitude, this amplitude reaches 125% of the annual average. If short-term variations are disregarded, the solar irradiance at the glacier surface is fairly constant throughout the year; the high extraterrestrial irradiance of austral summer (wet season) is attenuated by frequent clouds (Figure 4) . Because of atmospheric attenuation and shading of the surrounding mountains, about half of the annual extraterrestrial solar irradiance reaches the glacier surface (193 W m À2 over 391 W m À2 , annual averages at 5150 m asl in 1998 -1999) . This ratio is comparable for midlatitude glaciers [e.g., Oerlemans and Knap, 1998 ]. Tropical glaciers receive more solar radiation than midlatitude glaciers because of higher Sun elevation (low latitude) and larger atmospheric transmissivity (high altitude). The cloudless atmosphere reduces the potential solar radiation by about 80 W m À2 as a daily average (Figure 4) . The minimal clear sky attenuation, when the Sun is close to the zenith, is around 10%.
Calculation of the Energy Balance
[13] The energy balance equation is an application of the law of conservation of energy on the vertical components, or the components perpendicular to the surface if the surface is tilted, of the energy fluxes at the glacier surface [e.g., Kraus, 1973; Obled and Rosse, 1977] :
where R is the net radiation, H and LE are the turbulent fluxes of sensible and latent heat, respectively, and P is the heat advected by precipitation. The term DQ S represents the change in heat content in a control volume and DQ M is the energy used for melting (positive) or freezing (negative). The ice density and specific heat are r and c, respectively, and the ice temperature is T. The depth where the energy fluxes become nil is z*. The fluxes are expressed in W m À2 and are counted as positive if they provide energy to the control volume. P remains very low on the Zongo Glacier and is neglected. We assume the fluxes R, H and LE are constant between the surface and the measurement height (surface sublayer depth of around 1 m).
[14] If the rates of change averaged over 0.5 hours are small, the steady state conditions can be assumed:
4.1. Radiation
[15] The net radiation can be written as
where S# is the short-wave irradiance or global radiation, S" is the reflected short-wave radiation (S = S# À S" is the net short-wave radiation), L# and L" are the long-wave irradiance and emittance, respectively (L = L# À L" is the net long-wave radiation). The surface albedo is a, the longwave emissivity of ice is e, the Stefan-Boltzmann constant is s = 5.67 10 À8 W m À2 K À4 , and the surface temperature is T s . The ice emissivity e is generally considered to be between 0.97 and 1.00 [Kondratyev, 1969; Mellor, 1977; Dozier and Warren, 1982; Müller, 1985] . The uncertainty on e affects the ''apparent'' surface temperature: An emissivity decrease from 1 to 0.97 causes a 2°C increase in the apparent surface temperature in the range À10 to 0°C. We consider that ice is a full emitter (e = 1), so that the reflection of long-wave radiation is neglected (a long-wave = 1 À e). This assumption is acceptable considering the accuracy on long-wave radiation measurements (approximately ±10%).
[16] This study focused on the AWS2 at 5060 m asl. Two back-to-back pairs of CM3 pyranometers (0.3 < l < 2.8 mm) and CG3 pyrgeometers (5 < l < 50 mm) measured the four components of the net radiation (Table 1) . A correction (K) is applied to the long-wave measurements to reduce the interference of solar radiation: [17] Analysis of L# measurements under a shadowing ring (29 May 2002, clear sky) and of L" measurements when the surface is melting at 0°C resulted in K % 2% on the Zongo Glacier. This result is close to the correction suggested by Kipp and Zonen [1995] and used by Culf and Gash [1993] and Halldin and Lindroth [1992] , whereas Obleitner and de Wolde [1999] applied a smaller correction (K = 1.2%). L" measurements are limited to 316 W m À2 , corresponding to the ice emission at 0°C (e = 1). The sensor height was too low (1 m) for the measurement of L" to be disrupted by air emission [Plüss and Ohmura, 1997] .
Turbulent Fluxes
[18] The turbulent heat fluxes were calculated with the bulk aerodynamic method, including stability correction. The stability of the surface layer is described by the bulk Richardson number Ri b , which relates the relative effects of buoyancy to mechanical forces [e.g., Moore, 1983] :
where T and u are the air temperature (in K) and horizontal wind speed (in m s À1 ), respectively, at the level of measurement z; g is the acceleration of gravity (g = 9.81 m s À2 ), T s is the surface temperature (in K, derived from L"), and z 0m is the surface roughness length for momentum (in m). Assuming that local gradients of mean horizontal wind speed u, mean temperature T, and mean specific humidity q are equal to the finite differences between the measurement level and the surface, the turbulent fluxes are [Brutsaert, 1982] :
where q s is the specific humidity at the surface (in g kg À1 , saturation is assumed), r is the air density, C P is the specific heat capacity for air at constant pressure (C p = C pd (1 + 0.84q) with C pd = 1005 J kg À1 K À1 ), L s is the latent heat of sublimation of ice (L s = 2.834 10 6 J kg À1 ), and k is the von Karman constant (k = 0.4). The surface roughness lengths for temperature and humidity are z 0T and z 0q , respectively. The three roughness lengths are set equal to each other (z 0T = z 0q = z 0m ) and are used as a calibration parameter to fit the calculated sublimation derived from LE to the measured sublimation with weighing lysimeters [Wagnon et al., 1999] . During the period 1998-2000, no penitents (typical ablation forms observed on tropical glaciers [Kotlyakov and Lebedeva, 1974] ) appeared and the roughness length varied from 1 to 5 mm.
[19] The nondimensional stability functions for momentum (F m ), heat (F h ), and moisture (F v ) are expressed in terms of Ri b [Webb, 1970; Brutsaert, 1982] :
Ri b negative (unstable)
5. Results
Short-Wave Radiation
[20] Figure 5 compares the changes of surface height, measured by the ultrasonic depth gauge, with the surface albedo and the net short-wave radiation during the 1998 -1999 and 1999-2000 hydrological years. The seasonal changes in extraterrestrial solar radiation are small at low latitudes and the net short-wave radiation at the glacier surface mainly depends on cloud cover and albedo, the latter related to snowfall and melting. From September to December, before the wet season actually got underway, snowfalls were scarce and rapidly melted in both years ( Figure 5a ). In 1998, ice appeared within a few days at 5150 m asl and the albedo dropped to values lower than 0.3 (Figure 5b ). The solar radiation absorbed by the surface was high between September and December, particularly in 1998 because of a high snow line altitude (Figure 5c ). Changes in net solar radiation in response to albedo fluctuations were often considerable from one day to another. Later, in the full wet season, from January to March, snowfalls were frequent enough to maintain a permanent snow cover at 5150 m asl and the albedo remained higher than 0.7. Because of high albedo and cloud cover, the net short-wave radiation remained rather low, around 50 W m
À2
, despite the large potential solar irradiance (austral summer). Afterward, until the end of August, the smooth decrease of albedo to 0.6, corresponding to firn, was interrupted by rare snowfalls. In the dry season, the increase in solar radiation due to low cloud cover and decreasing albedo was partly compensated for by the decrease in potential solar radiation (austral winter). The net short-wave radiation was small, and progressively increased toward the September equinox.
Long-Wave Radiation
[21] Figure 6 shows the long-wave fluxes L#, L" and L during the hydrological year 1999 -2000. The net longwave radiation was generally a large sink of energy for the surface, up to 120 W m À2 , except in the wet season when L was close to nil (maximum around +15 W m À2 ). The surface emission varied little: between 280 and 316 W m À2 (mean value of 304 W m À2 ), corresponding to mean surface temperatures ranging from À8°C in the dry season to 0°C in the wet season. The variations of L were controlled by the large fluctuations of L# (coefficients of variation for L# and L" equal to 18 and 3%, respectively).
[22] The mean values of L in the wet (January to April 2000) and dry (May to August 2000) seasons were roughly À20 and À80 W m À2 , respectively. In the wet season, the long-wave irradiance was large because of the wet and warm atmosphere and the frequent clouds. In the dry season, the lowest values of L# illustrate the dependence of the clear-sky emissivity on atmospheric temperature and humidity. As the clear-sky emission is low at high altitudes, the variations of L# were considerable when clouds came in the dry season: Changes were up to 100 W m À2 from one day to another. The cloud emissions were greater for the low and warm cumulus or cumulonimbus of the wet season than for the high altostratus or cirrostratus of the dry season.
[23] Figure 7 shows the hourly surface temperature and net long-wave radiation during the hydrological year 1999-2000. At 5060 m asl, the surface reached the melting conditions almost every day of the year ( Figure 7a ). The glacier surface remained close to the melting conditions, day and night, in the core of the wet season from January to March. In the dry season, the daily amplitude of the surface temperature was maximal (10 -15°C) and the surface melted for only a few hours in the afternoon.
[24] At night, any increase of L# due to clouds caused an increase of the surface temperature, and therefore of the emittance. The nocturnal radiation deficit (L < 0), larger in the dry season (Figure 7b ; the surface temperature could only decrease from the melting point. At night, the surface temperature fluctuated greatly and the net longwave radiation varied little, whereas once the surface temperature reached its upper limit at 0°C during the daytime, the net long-wave radiation varied with the cloud cover. As a result, L was maximal during the cloudy afternoons of the wet season (Figure 7b ). L was minimal in the dry season, when the incoming flux L# was small, and in the afternoon when the emission temperature was maximal (Figure 7b ). During the daytime, the stable profile was disrupted by high temperatures at 30-40 cm above the surface, which reached their maximal values in the afternoon (Figures 8b and 8c) . The ''warm layer'' occurred quite often: A temperature maximum appeared between 10 and 40 cm above the surface for 20% of the daytime data from June and July 2000. The thermocouples were shielded from the solar radiation and artificially ventilated (section 2). The mean nocturnal profile indicates a correct intercalibration of the sensors (Figure 8a ). The anomalous high nocturnal temperatures recorded at the lowest level (2 cm above the surface) were probably due to snow accumulation in the sensor. The potential effects of the warm layer on the turbulent flux measurements are discussed in section 6.1.
Diurnal Cycles
[26] Figure 9 shows the mean diurnal cycles of wind speed, bulk Richardson number, temperature, specific humidity, and turbulent fluxes during the wet and dry seasons of the hydrological year 1999 -2000. The wind speed was greater in the dry season (average of 3.3 m s
À1
) than in the wet season (average of 2.2 m s À1 ), essentially because of a stronger glacier wind (Figures 3 and 9a) . The valley wind caused a wind speed maximum in the afternoon, more pronounced in the wet season (Figure 9a ). The air flow was thermally stable most of the time and close to neutral conditions in the afternoon (Figure 9b ). The air was slightly more stable in the dry season than in the wet season as a result of the counteracting effects of lower surface temperatures and stronger winds on stability (Figures 7a, 9a , and 9b). In the wet season, both glacier and air temperatures fluctuated around 0°C, producing small vertical thermal gradients (Figure 9c ). In the dry season, the surface was much colder than the air, essentially because of the deficit in long-wave radiation ( Figure 7 ) associated with katabatic drainage (Figures 3 and 9a) . The thermal gradient was small only in the afternoon, when the air and the glacier were both close to 0°C (Figures 9c) . The vertical gradient of specific humidity was generally negative (sublimation) (Figure 9d ). In the wet season, humid air close to 0°C flowed over the melting surface, producing small humidity gradients. The air was colder and drier in the dry season. During the nights of the dry season, low surface temperatures caused low saturating humidity, leading to small humidity gradients between the surface and the air (Figure 9d ). During the afternoons of the dry season, the saturating humidity at the melting surface was high, whereas the air was dry, causing strong negative gradients of humidity (Figure 9d ).
[27] Because of light wind and small thermal and humidity gradients, the sensible (positive) and latent (sublimation) heat fluxes were small in the wet season (H and ÀLE $ 10 W m À2 , Figure 9e ). They canceled each other out, so that the sum of the turbulent fluxes was very small (Figure 9f ). The magnitude of each turbulent flux was greater in the dry season than in the wet season because of stronger wind and higher thermal and humidity gradients, and despite slightly greater air stability (Figure 9e ). During the night and the morning, both turbulent fluxes canceled each other out, so that the sum was as small as in the wet season (Figure 9f ). In the afternoon, small thermal gradients reduced the sensible heat flux (Figure 9c) , whereas large humidity gradients (Figure 9d ) caused a large sublimation (around À100 W m À2 ) ( Figure 9e) . As a result, the turbulent fluxes were a large sink of energy during the afternoons of the dry season (around À80 W m À2 ) (Figure 9f ).
Daily Values
[28] Figure 10 shows the relationships between the turbulent fluxes and air temperature, vapor pressure and wind speed on the daily timescale. The largest daily sensible and latent heat fluxes were around +100 W m
, respectively. We found no relationship between the turbulent fluxes and air temperature (Figures 10a and 10d ) because any warming of the air enhances stability. H and LE increased in magnitude when the wind speed (humidity) increased (decreased) (Figures 10b and 10c) . The sum H + LE was generally negative and tended to decrease in intensity when the vapor pressure increased (Figure 10e ) or when the wind speed decreased (Figure 10f) .
[29] The latent heat flux accounted for most of the variations of the sum H + LE because LE was more variable and generally larger than H (r in sensible heat flux with air dryness (Figure 10b ) is due to the negative correlation between humidity and wind speed, since the wind is stronger in the dry season (Figure 9a ).
Subsurface Heat Flux
[30] The ablation area of the Zongo Glacier is isothermal at 0°C except for a superficial layer of a few tenths centimeter thick, which undergoes seasonal thermal fluctuations. In absence of phase change (DQ M = 0), the energy fluxes only cause changes in heat content of the ice (DQ S ). Figure 11 shows DQ S derived from the energy balance in the middle of the night. As uncertainties are large on DQ S as residual of equation (1), only the main differences between the wet and dry seasons are discussed.
[31] During the cloudy nights of the wet season, the radiation and turbulent budgets were close to nil (Figures 7b and 9f ) and the amount of available energy was small: DQ S ranged from À40 to +40 W m À2 for 70% of the data (Figure 11a ). During the clear-sky nights of the dry season, the long-wave radiation budget was negative (emittance larger than irradiance) (Figure 7b ) and the turbulent fluxes were small (Figure 9f ): The sum of the atmospheric energy fluxes was generally negative (average of À66 W m À2 ) (Figure 11b ) and the surface was cold. The large temperature gradients in the ice caused a conductive heat flux from the subsurface layers; the cooling of ice tended to compensate the deficit in energy at the surface (DQ S < 0) (Figure 11b) .
[32] A conductive heat flux of 60 W m À2 can result from a thermal gradient of 28 K m À1 in the ice (thermal
). Wagnon et al.
[2003] measured similar thermal gradients, around 100 K m À1 , in the first centimeters of snow at the summit of the Illimani (6340 m asl, Bolivia).
Annual Cycle of the Energy Fluxes
[33] Figure 12 and Table 2 show the annual cycle of the energy fluxes at 5060 m asl. As H is anticorrelated to LE through the wind speed, Figure 12 compares the sum of the turbulent fluxes with the net short-wave and net long-wave radiation fluxes. Most of the year, H and LE tended to cancel each other out, so that the sum of the turbulent fluxes remained small, except in the dry season when H + LE was a significant loss of energy due to strong wind and dry air:
). The net short-wave radiation varied with the cloud cover and the albedo, without following any marked annual cycle. In contrast, the net long-wave radiation varied from very negative values in the dry season, due to a cold and dry atmosphere, to values close to nil in the wet season due to cloud emissions (Table 2) .
[34] The melting energy mainly depends on the balance between the solar energy input and the long-wave radiation output. The sum of the atmospheric energy fluxes at 5060 m asl was positive in the wet season (September to March), the maximum was between November and December: H + LE + S + L % +50-60W m À2 , and was slightly negative in the dry season (April to August). However, the errors on each flux accumulate in the sum; as a result, the amount of available energy contains substantial uncertainties and its sign was uncertain in April, July, and August 2000 (Table 2 ).
Discussion

Uncertainties on the Turbulent Fluxes
[35] The radiation measurements are robust compared to the turbulent fluxes derived from the profile method. Since H and LE generally are of opposite signs, the total turbulent fluxes result from the difference between two terms of similar magnitude and associated with large errors, so that even the sign of H + LE can be uncertain.
[36] There is no consensus on the validity of the log linear corrections (equation (8)) in very stable stratification [e.g., Webb, 1970; Andreas, 2002] , but stability is generally moderate on the Zongo Glacier (Figure 9b ) (Ri b > 0.1 for only 8% of the half-hourly values). The roughness lengths are a greater source of uncertainty. We chose to use a single roughness length based on LE and lysimeter measurements (z oq ). The lengths z oT and z oq are expected to be smaller than z o for rough surfaces [e.g., Brutsaert, 1982] , but this did not affect the calculations of H and LE on the Zongo Glacier because z o was used as a calibration factor for LE, similar to the ''effective'' roughness of Braithwaite [1995] . The resulting roughness length z o depends on the local experiment. This method allows for calibrating the latent heat flux, but the ratio z oT /z oq is not constrained; the Bowen ratio H/LE is not well known. Since it is difficult to measure humidity gradients above glacier surfaces, few studies have investigated the relationship between z oT and z oq . Some measurements suggested large differences between z oT and z oq [e.g., Smeets et al., 1998; Meesters et al., 1997; ] , but most authors considered equality [e.g., Hay and Fitzharris, 1988; Munro, 1989; Bintanja and Van den Broeke, 1995; Zuo and Oerlemans, 1996; Hock and Holmgren, 2005] . Andreas [1987] argued that heat and moisture are transferred by similar processes above snow and ice, so that z oq and z oT must be similar.
[37] The uncertainties on the lysimeter measurements are difficult to assess. The errors mainly stem from the disturbance of the snow surface, the disruption of the flux of water vapor in the snow at the bottom of the lysimeter (roughly 10 cm deep), and snow scouring by wind. On the Zongo Glacier, the standard error on the mean of the measurements of seven lysimeters was only around 0.15 mm w.e. per day in August 2004.
[38] A ''warm layer'' regularly appears within the first meter above the glacier surface by cloudless sky and light wind (see section 5.3.1). The divergence of sensible heat at low height may undermine the assumption of a constant vertical flux layer, making the bulk method inappropriate for measuring turbulent fluxes at the glacier surface. A few authors observed this kind of thermal anomaly above melting snow [de la Casinière, 1974; Martin, 1975; Halberstam and Schieldge, 1981; Male and Granger, 1981; Meesters et al., 1997] . The processes involved were not clearly identified: probably solar or long-wave radiation absorption by water vapor and/or aerosol particles. As the warm layer appears when the wind is light and the turbulent exchanges are small, the error probably does not have a strong impact on the overall energy balance calculations. Likewise, the error on air tempera- ture due to the absence of artificial ventilation at AWS2 must have a limited impact on the turbulent fluxes that are small when the wind speed is not sufficient to ventilate the sensors. The error on T s derived from the surface emittance in long-wave radiation is certainly greater.
[39] Glacier wind, frequent on the Zongo Glacier (Figure 3) , is characterized by a wind speed maximum at low height, generally at less than 10 m above of valley glaciers, which causes a divergence of horizontal momentum [e.g., Kuhn, 1978; Martin, 1975; Greuell et al., 1997; Oerlemans and Grisogono, 2002] . According to Denby and Greuell [2000] , the constant vertical flux layer is reduced to a few tens of centimeters deep when the wind maximum is at 5 m above the surface. In this case, the Monin-Obukhov similarity theory is not applicable because the turbulent transport term of the turbulent kinetic energy balance is not negligible at proximity of the height of the wind maximum. The glacier wind properties have been studied in detail on midlatitude and on high-latitude glaciers [e.g., Munro and Davies, 1978; Van den Broeke, 1997; Smeets et al., 1998; Van der Avoird and Duynkerke, 1999] . Wind profile observations are very rare on small tropical glaciers. At 5150 m asl on the Zongo Glacier, the wind speed at 180 cm above the surface was lower than at 30 cm for 15% of the nocturnal measurements in 1999 -2000 (1800 -0600 LT), implying a wind speed maximum at less than 180 cm above the surface. Moreover, the usual pattern of stronger wind at 180 than at 30 cm above the surface does not mean there was not a wind maximum between both sensor levels.
[40] As the turbulent exchanges are enhanced in the glacier wind, the inappropriate level of measurement relative to the glacier wind speed maximum and the uncertainty on the roughness lengths z oT /z oq are probably the main sources of error on the turbulent fluxes, which are not known with an accuracy better than ±20%.
Surface Energy Fluxes at Very High Altitude
[41] The high-altitude atmospheric specificities of midlatitude mountains, where most meteoglaciological studies have been conducted, are exacerbated in the very high tropical mountains. Taking into account the thicker atmosphere at low latitudes [e.g., Prohaska, 1970] , approximately half of the atmospheric mass is below the Zongo Glacier.
[42] The atmospheric attenuation and diffusion of solar radiation is low at high altitudes because of small concentrations of water vapor and aerosol. On the Zongo Glacier, the clear-sky solar irradiance is at 90% in direct radiation and can exceed 85% of the extraterrestrial solar irradiance. The large direct component of S# favors the growth of penitents [Kotlyakov and Lebedeva, 1974] . The ultraviolet band is absorbed by stratospheric ozone, whereas the near infrared is mainly absorbed by water vapor at low altitudes. The spectral shift of solar radiation with elevation can affect the snow albedo, which is strongly spectrally dependent.
[43] Because of the thin atmosphere, the long-wave irradiance is small on tropical glaciers: L# varies from 180 to 340 W m À2 , whereas L# generally ranges from 240 to 380 W m À2 on midlatitude glaciers [e.g., Greuell et al., 1997; Olyphant, 1986] . The clear-sky emissivity is very low: The minimum is around 0.5 on the Zongo Glacier, which is lower than the emissivity of around 0.6-0.7 of the cold atmosphere of Antarctica, as reported by Van den Broeke et al. [2004] . The transmission of cloud radiation through the air is mainly in the 8 -14 mm atmospheric window, where water molecules absorb and emit, so that cloud contributions to the surface long-wave irradiance increases in cold and dry air [Kimball et al., 1982] . In the dry atmosphere of the high-altitude tropical glaciers, clouds can increase the long-wave radiation by more than 50% (Figure 6 ), whereas this enhancement remains less than 30-40% at midlatitudes [Kimball et al., 1982] . Thus changes in atmospheric temperature (cloud cover) have smaller (greater) effects on the net long-wave radiation of tropical glaciers than on midlatitude glaciers.
[44] The slight decrease of the melting temperature of ice with elevation has a negligible effect on the long-wave emittance of glaciers. Finally, at high elevations, the light air carries less heat, which partly explains the small sensible heat fluxes observed on the Zongo Glacier (see section 5.3).
[45] The measurement methods can be altered by elevation. For example, the psychrometers are based on [Queney, 1974] e
where A $ 66°C À1 depends on the wind speed, e is the vapor pressure, e w (T m ) is the saturation vapor pressure at temperature T m , T, and T m are the dry and wet air temperature, respectively, and p is the atmospheric pressure. As p is only around 500 hPa at the elevation of tropical glaciers, the contribution of the term (T À T m ) to the humidity measurement is only half of its contribution at sea level (equation (10)). The psychrometric method, based on the difference between the dry and the wet temperatures, is not well adapted to the high tropical mountains: Elevation lessens the sensitivity of the sensor. Thus on the Zongo Glacier, capacitive hygrometers replaced the psychrometers at the AWS1 in 1999. The psychrometer measurements used by Wagnon et al. [1999] were biased toward overly high air humidity. As LE was calibrated on lysimeter measurements, the height z 0 was overestimated to compensate for humidity gradients that were too small.
Seasonal and Interannual Variability in Melting
[46] Ohmura [1990] , Kaser et al. [1996] , and Wagnon et al. [1999] emphasized the importance of ice sublimation as a favorable factor for the existence of high-altitude glaciers by limiting the energy available for melting. However, this study shows that long-wave radiation plays a more important role in the seasonal changes of the ablation of tropical glaciers (Figure 12 ). Penitents are often considered as indicators of the importance of the sublimation in the annual cycle of melting. However, the height and duration of penitents are highly variable on tropical glaciers, whereas melting is very low every year in the dry season, independently of whether penitents that drastically change the turbulent flux magnitude appear.
[47] The energy loss by turbulent fluxes is significant only in the dry season, when the glacier wind prevails most of the day. The energy deficit in long-wave radiation is larger and reduces melting every time the atmosphere is cloudless and solar radiation is high: in the dry season, but also when the energy inputs are large at the beginning of the hydrological year (Figure 12 ). In the core of the wet season, from January to March or April, cloud emissions offset most of the glacier emission, so that melting is maintained despite the high albedo of fresh snow. Over the year, a strong correlation exists between the daily averages of L# and L" (L" = 252 + 0.19 L#, r 2 = 0.75). This confirms that clouds (related to L#) have a strong influence on the energy balance, since the surface temperature (L"), when negative, integrates all the energy fluxes. The sky long-wave radiation directly depends on cloud cover and humidity, which are the main seasonal variables of low-latitude climates. Furthermore, the cloud cover's control on L is enhanced in the thin atmosphere of high-altitude mountains (see section 6.2).
[48] Related to the cloud cover, snowfalls reduce the melting energy through a rapid increase of the surface albedo. The period of substantial melting from September to December, due to high solar radiation and low surface albedo, is interrupted by the frequent snowfalls that characterize the core of the wet season. The arrival of frequent clouds and snowfalls around January is a key period for snow accumulation, but also for the ablation of the tropical glaciers.
[49] Neither the temperature nor the humidity is the limiting factor for the turbulent fluxes that are mainly controlled by wind. The relations between the wind at the glacier surface and the regional climate are complex. To assess the response of the surface energy balance to climatic changes, one approach is to investigate the potential disruption of the diurnal cycle of the wind regime; on the Zongo Glacier, the valley and glacier winds are related to distinct patterns of H and LE.
[50] The ablation area remains close to the melting conditions during the wet season, which allows for a reliable closure of the energy budget at the glacier surface. In the dry season, the daytime energy inputs progressively offset the large subsurface cold content accumulated during the night (Figure 7) , so that melting, if any, is delayed. The monthly sum of the energy fluxes can be negative from June to August (Figure 12 ), which does not prevent some melting at the surface because of the low thermal conductivity of ice. The delay in melting is also expected at the onset of the wet season because of the cold content accumulated throughout the dry season, as during spring in midlatitude glaciers.
[51] It is not surprising that the mean atmospheric temperature and humidity are not clearly linked to the mass balance of tropical glaciers (see Introduction), which are surrounded by a very dry and thin atmosphere. The El Niño -Southern Oscillation (ENSO) warm phase prevailed during the last two decades of the 20th century, leading to frequent El Niño events, but several observations pointed out a likely shift to the cold phase regime in the late 1990s [Trenberth and Hoar, 1996; Fedorov and Philander, 2000] . During an El Niño event the wet season is delayed in Bolivia, the period of strong melting by solar radiation around the summer solstice lasts longer (Figure 5) , and the mass balance of glaciers is highly negative. El Niño events also cause high ablation on equatorial glaciers due to highaltitude liquid precipitations . How the El Niño frequency may change in a warmer climate is an open question [e.g., Huber and Caballero, 2003 ].
Summary and Conclusion
[52] This study analyzed the energy fluxes at the surface of the tropical Bolivian Zongo Glacier in order to identify the atmospheric variables that control the seasonal variations of melting. Measurements taken from 1998 to 2000 at two meteorological stations at 5150 and 5060 m asl were examined.
[53] In the outer tropics, the progressive buildup of the wet season, from September to January, is a period of high energy inputs: The solar irradiance is close to its austral summer peak, clouds and snowfalls are still sporadic, and the glacier albedo is low. The core of the wet season generally lasts from January to April. Clouds reduce solar irradiance and snowfalls cause a high albedo, whereas the glacier deficit in long-wave radiation is low because of the emission of low and warm convective clouds, so that melting energy is moderate. The amount of available energy is very small in the dry season, from May to August, essentially because of the high deficit in long-wave radiation in a dry atmosphere, but also because of the energy loss in sublimation. Over the year, the radiation fluxes account for most of the energy balance of the tropical glaciers, and the solar energy is, by far, the main source of energy.
[54] In the dry season, the ablation area is close to melting conditions for only a few hours in the afternoon, and the nocturnal surface temperatures are low (À10 to À15°C), whereas the surface remains around 0°C throughout the wet season. High-altitude tropical glaciers are characterized by the marked seasonality of the net long-wave radiation because cloud emissions drastically enhance the low longwave emittance of the thin atmosphere. The deficit in longwave radiation is maximal during clear-sky days, counteracting the maximal energy inputs. Directly linked to cloud cover and humidity, the main seasonal control factors of low-latitude climates, long-wave radiation is a key variable of the energy balance of tropical glaciers.
[55] On tropical glaciers, ablation is closely linked to accumulation: The high albedo of fresh snow in the wet season interrupted the period of large solar energy around the summer solstice of December. Any delay in the wet season, such as during an El Niño event, causes a very negative mass balance due to low accumulation and high ablation.
[56] The turbulent flux of sensible heat is generally a gain in energy for the glacier surface, whereas the latent heat flux is a sink (sublimation). The sensible heat flux is less important on tropical glaciers than on midlatitude glaciers because of smaller temperature gradients and air density. Both turbulent fluxes tend to cancel each other out all year round, except during the daytime in the dry season when sublimation prevails because of strong wind and dry air. The turbulent fluxes are still poorly known on tropical glaciers: Eddy correlation measurements associated with wind, temperature and humidity profiles would give better insights on the roughness lengths, the stability functions, and glacier wind properties.
[57] Near the snow line, the albedo varies greatly over short distances, so that the interpretation of punctual energy flux measurements can lead to an erroneous generalization of the melting characteristics to the entire ablation area. A distributed energy balance model is required to relate the atmospheric forcing to the mass balance of tropical glaciers.
